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a b s t r a c t
Escalation of anxious behavior while environmentally and socially relevant contextual events amplify the
intensity of emotional response produces a testable gradient of anxiety shaped by integrative circuitries.
Apprehension of the Stress-Alternatives Model apparatus (SAM) oval open ﬁeld (OF) is measured by the
active latency to escape, and is delayed by unfamiliarity with the passageway. Familiar OF escape is the
least anxious behavior along the continuum, which can be reduced by anxiolytics such as icv neuropeptide
S (NPS). Social aggression increases anxiousness in the SAM, reducing the number of mice willing to escape
by 50%. The apprehension accompanying escape during social aggression is diminished by anxiolytics,
such as exercise and corticotropin releasing-factor receptor 1 (CRF1 ) antagonism, but exacerbated by
anxiogenic treatment, like antagonism of ␣2 -adrenoreceptors. What is more, the anxiolytic CRF1 and
anxiogenic ␣2 -adrenoreceptor antagonists also modify behavioral phenotypes, with CRF1 antagonism
allowing escape by previously submissive animals, and ␣2 -adrenoreceptor antagonism hindering escape
in mice that previously engaged in it. Gene expression of NPS and brain-derived neurotrophic factor
(BDNF) in the central amygdala (CeA), as well as corticosterone secretion, increased concomitantly with
the escalating anxious content of the mouse-speciﬁc anxiety continuum. The general trend of CeA NPS and
BDNF expression suggested that NPS production was promoted by increasing anxiousness, and that BDNF
synthesis was associated with learning about ever-more anxious conditions. The intensity gradient for
anxious behavior resulting from varying contextual conditions may yield an improved conceptualization
of the complexity of mechanisms producing the natural continuum of human anxious conditions, and
potential therapies that arise therefrom.
© 2015 Elsevier Ltd. All rights reserved.

1. Introduction
Anxiety covers a spectrum of related disorders affecting as
much as 25% of the population, is highly comorbid with depression (Kessler et al., 2010; Reus et al., 2014), and is theoretically
constructed along a fear/stress continuum spanning from appre-
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hension to terror (Blanchard and Blanchard, 1989; Estes and
Skinner, 1941; Freud, 1953). Recent clinical trials suggest that the
predictive power of most single anxiety level/niche tests is low
(Haller and Alicki, 2012). Many anxiolytic agents tested in clinical trials have been ineffective (Haller and Alicki, 2012), required
a speciﬁc narrowing of the treatment group (Holsboer and Ising,
2010), or had adverse effects, sedation, and/or dependence liability (Mohler, 2012). We suggest that for greater translational
salience, new models should contiguously examine multiple levels along a gradient of anxiety, and the contextual niches that
make up the complex structure of real anxious behavior (Haller
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Fig. 1. (A) Timelines of the experimental protocols all begin with seven days of acclimation to cages, followed thereafter by anxiogenic or anxiolytic treatments. Interaction
with SAM apparatus occurred over four days, and may have taken place in the presence (middle and bottom timelines) or absence (top) of a larger conspeciﬁc aggressor.
(Top) For experiments in which the anxiolytic neuropeptide S (NPS) is delivered icv, intraventricular cannula placement was executed on day eight followed by recover until
icv injection of NPS and interaction with the empty SAM apparatus of each of days eleven through fourteen to test for open ﬁeld (OF) anxious behavior and escape. (Middle)
Social anxiety and escape was tested by ip injection of the know anxiogenic ␣2 -adrenoreceptor antagonist yohimbine in escaping animals (determined on days 1 and 2 of
SAM interaction; days 8 and 9 overall) or the anxiolytic CRF1 antagonist antalarmin in submitting animals, just prior to day 3 and measuring latency to escape or inhibition of
escape on days 3 and 4 of SAM social interactions (days 10 and 11 overall). (Bottom) For the voluntary exercise experiments, mice were tested for predisposition for anxious
behavior on the EPM on day 8 and then provided a running wheel for 6 days. Social interactions in the SAM begin after 2 days of running, and continue for another 4 days
(days 10–13 overall). The icv NPS experiment ended on day 14, the yohimbine/antalarmin experiments on day 11, and the running wheel experiments ended on day 13. (B)
The SAM apparatus includes an open ﬁeld (OF) arena that can be adjusted for size. The OF includes two escape routes, which lead to safe zones only accessible to small test
mice. Test mice are added within the opaque cylindrical divider. Large aggressors are added outside the cylindrical divider. The divider is removed to allow social interaction.
(C) The continuum or gradient of intensity of anxious behavior as revealed by the Stress-Alternatives Model.

and Alicki, 2012). We introduce a testable gradient of anxious
behavior and hypothesize that an integrative machinery of stress
and decision-making neurocircuitries produce this continuum and
putative therapies.
The Stress-Alternatives Model (SAM) assesses anxious and
depressive behaviors plus inﬂuences on decision-making (Smith
et al., 2014), parsing active responses into contextual niches along
an anxiety gradient. In the open ﬁeld test (OF) rodents avoid the
open center, which is reversed by anxiolytic drugs (Heredia et al.,
2014). Mice in the SAM OF similarly avoid the center, but also
actively choose to escape into an unknown chamber (Smith et al.,
2014). Basic SAM escape experiments are modiﬁed by social aggression to increase the intensity (Koolhaas et al., 1997) of anxious
behaviors and stress responsiveness (Smith et al., 2014) due to
the uncontrollability and unpredictability of interactions (Koolhaas
et al., 1998; Summers et al., 2005). Half the test animals remain
submissively, exhibiting fear conditioning and increased corticosterone, and the rest escape. In SAM experiments using trout,
rats, or hamsters, increasing social anxiety is accompanied by
elevated plasma corticosterone concomitant with altered brainderived neurotrophic factor (BDNF) and increased neuropeptide
S (NPS) in the amygdala (Arendt et al., 2012; Robertson et al.,
2015; Smith et al., 2014). As the SAM examines decision-making
under socially stressful conditions by giving a choice of behavioral
responses (escape or remain submissively), along with OF escape
under non-social conditions (Smith et al., 2014), it has the fundamental advantage of examining a range of general and social
anxious behaviors, as well as depressive behavior, allowing examination of the hypothetically complex range of circuit chemistry
that is thought to produce progressively intense anxious behavior.
Neurocircuitries for stress, fear conditioning, decision-making,
anxiety, and depression are highly interwoven, and include regions

of the extended amygdalae and hippocampi, linked to periaqueductal gray, and controlled by executive regions of the cortex (Arendt
et al., 2012; Herman and Cullinan, 1997; LeDoux et al., 1988; Li
et al., 2013; Shin and Liberzon, 2010; Smith et al., 2014). Common to these circuitries, the central amygdala (CeA) is responsible
for fearful/anxious signal transfer to other regions which modulate behavioral response, veriﬁed optogenetically (Tye et al., 2011).
The intra-amygdalar fear/anxiety circuitry includes a glutamatergic pyramidal circuit (lateral = LA, basolateral = BLA) modiﬁed by
GABAergic modulation and output (BLA, intercalated, CeA), both
additionally modiﬁed by CRF, orexin (Orx), NPS, norepinephrine
(NE), and serotonin (5-HT). There is strong evidence for modiﬁcation of anxious behavior, and synergistic cross-talk among
transmitter and neuromodulatory elements in this circuit (Arendt
et al., 2014, 2013; Cannella et al., 2013; Jungling et al., 2008; Li et al.,
2015; Orsini and Maren, 2012; Smith et al., 2014).
Our experiments were designed to investigate an intensity gradient of anxious behavior, and mechanisms that may produce and
alleviate varying intensities of anxiety. We postulate that the neural
machinery that produces progressively intense anxious behavior integrates numerous neuromodulatory elements of stress and
decision-making neurocircuitries. Therefore, both anxiogenic and
anxiolytic treatments, some intrinsic to SAM (novel escape route
[NER], OF, social interaction and defeat), were included in these
studies (Smith et al., 2014). Exogenous drug treatments and physiological enrichment (running wheel), which modify anxious state,
were also included. We hypothesized that conditions that promote
apprehension (OF, NER, social aggression, social defeat, yohimbine)
would delay or inhibit escape from the SAM arena, depending
on the intensity of those anxiogenic treatments. In contrast, we
hypothesized that anxiolytic treatments (prior escape, running
wheel, NPS, antalarmin) would promote escape behavior, and
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Fig. 2. Anxiogenic (A) and Anxiolytic (B) drug treatments on day 3 of SAM exposure changed escaping (A) or submissive (B) behavioral phenotypes in a substantial
proportion of socially interactive mice. (A) The anxiogenic ␣2 -adrenoreceptor antagonist yohimbine inhibited escape behavior. Prior to ip delivery of yohimbine, all of
the mice that would receive the anxiogenic drug escaped (light gray wide hatched
bars; escaping animals were chosen for this treatment), but on the day of yohimbine
administration only approximately one fourth of the animals escaped (dark gray
bars with narrow hatching), and over 70% remained submissively. On the following day (4), with no additional ␣2 -adrenoreceptor inhibition, most (60%) returned
to escape behavior, with 40% continuing to remain submissively. (B) The anxiolytic
CRF1 receptor antagonist antalarmin promoted escape behavior in previously nonescaping submissive mice. Prior to ip delivery of antalarmin, none of the mice that
would receive the anxiolytic drug escaped (no bars are evident; submissive animals were chosen for this treatment), but on the day of antalarmin administration
40% of the animals escaped (cross hatched bars). On day 4 (no drug treatment) 30%
continued to escape.

shorten latencies to initial and repeated escapes. As the SAM conditions modify behavior, fear learning, and homeostatic mechanisms
of anxiolysis in stress/fear-related neurocircuitry, we hypothesized
the anxiogenic treatments would stimulate NPS, BDNF, TrKB and
NPS receptor gene expression in the CeA (Smith et al., 2014), and
that these changes would be reversed by anxiolytic treatments.

2. Materials and methods
2.1. Animals
Adult (8 week) male C57BL6/N mice weighing ∼23–24 g were
used for treatments and testing. A separate cohort of retired
Hsd:ICR (CD1) male breeders weighing ∼53 g were used to provide
aggression. Mice were on a 12:12 reversed light–dark cycle (lights
off at 10am) at 22 ◦ C (see the complete methods in Supplementary
materials).

Some anxiogenic elements of the design are intrinsic to the
SAM (OF, NER, social interaction); but anxiogenic and anxiolytic
treatments were also applied: antagonists of ␣2 adrenoreceptor
(yohimbine) to enhance, and CRF1 receptors (antalarmin) to reduce,
anxious behavior under conditions of high intensity anxiety (social
defeat). Yohimbine, an ␣2 NE receptor antagonist, has been shown
to increase anxiety (Charney et al., 1987) and defensive behavior in animals exposed to predator or handling stress (Blanchard
et al., 1993). Anxiolytic responses are tested with environmental
(running wheel) and drug (antalarmin and NPS) treatments. An
endogenous anxiolytic protein, NPS has a broad receptor distribution in regions of the brain associated with anxiety and depression
(Guerrini et al., 2010; Han et al., 2014; Jungling et al., 2008; Smith
et al., 2014; Xu et al., 2007, 2004). Exercise has been demonstrated
to reduce anxiety and depression in humans and animal models,
and elicits synthesis and release of endogenous anxiolytics and
antidepressant neuromodulators (Heyman et al., 2012; Melancon
et al., 2014; Schoenfeld et al., 2013). Exercise, NPS and antalarmin
were used as separate anxiolytic treatments to examine low and
high intensity anxious behaviors.
The SAM is designed to produce a variety of anxious conditions
that lead to a gradient of generally and socially elicited anxious
behavior, tested by the intrinsic properties of the model in combination with anxiogenic and/or anxiolytic treatments. With the
exception of the injection procedure, all days (1–4) in the SAM
apparatus followed an identical protocol (Fig. 1A). The overall process for the experiments took between 11 and 14 days: Seven days
of cage acclimation followed by four days of social interaction in
the SAM apparatus were common to all treatment regimens (ip
injections, icv injection, and running wheel; Fig. 1A). An additional
3 days were added between acclimation and SAM treatment (in the
absence of aggression) for implantation of cannulae for icv injection of NPS. Brains and blood were sampled in NPS-treated groups
on day 14 after solo SAM treatment (Fig. 1A). For animals allowed
voluntary exercise, an additional two days were added to the standard 11 day regimen; such that immediately after acclimation, mice
were tested for predisposition to anxiety on the elevated plus maze
(EPM), then given access to running wheels for 2 days prior, and
then also during the four days of SAM social interaction. For anxiogenic (yohimbine) and anxiolytic (antalarmin) pharmacological
treatments, SAM social interaction proceeded directly after acclimation. During the ﬁrst two days of SAM aggressive interaction
with a larger CD1, the C57BL6/N mice diverged into cohorts that
escaped (N = 25) or remained submissively (N = 23; did not escape),
and constituted experimental groups in addition to undisturbed
controls (N = 10). Escaping mice were treated with anxiogenic drug
yohimbine, while submissive mice received the anxiolytic drug
antalarmin on the third SAM exposure, while control groups were
injected with vehicle.

2.2.1. Stress-Alternatives Model (SAM)
In SAM experiments, focal animals are either tested alone or are
subject to aggression (see Behavioral procedures below) and based
on previous results (Robertson et al., 2015; Smith et al., 2014) and
a priori hypotheses, these escapers and non-escapers constituted
experimental groups. The SAM (Smith et al., 2014) is a rectangular box (length: 91 cm, width: 22 cm, height: 26 cm) that contains
two movable semicircular polyvinyl chloride sections (diameter:
22 cm, height: 26 cm) each with a passage constructed from 19 mm
diameter ninety degree polyvinyl chloride tubes that allow for the
C57BL6/N to pass, but are too small for CD1 aggressors (Fig. 1B).
A removable opaque cylinder separates aggressive from test mice
prior to behavioral interaction.
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Fig. 3. Mice escape more rapidly (mean latency ± SEM) from the SAM apparatus / SAM social interactions with familiarity, which is enhanced by anxiolytic treatments, and
inhibited by anxiogenic treatments. (A) Mice injected icv with neuropeptide S (NPS, dashed line with circles) escape signiﬁcantly faster from the SAM open ﬁeld (OF) alone (in
the absence of social interaction) than aCSF treated controls (solid line/triangles) on the initial trial (#) and during trials on days 3 and 4 (*). (B) Mice given access to exercise
(running wheel, dashed line/circles) exhibit reduced latency to escape from social aggression on the initial (*) and 3rd trials (#) of SAM social interaction compared to animals
that received aggression in the absence of the opportunity for voluntary exercise (solid line/triangles). (C) Escaping mice injected ip with the anxiogenic ␣2 -adrenoreceptor
antagonist yohimbine on day 3 of SAM social interaction, but continued to escape (see A), did so signiﬁcantly more slowly (*) on day 3 than mice injected with vehicle. (D)
Non-escaping submissive mice injected ip with the anxiolytic CRF1 receptor antagonist antalarmin that began escaping (see B) on day 3 did so signiﬁcantly more rapidly in
initial escape (*) than the initial escape (day 1) of escaping animals injected with vehicle, but more slowly than vehicle controls escaped on day 3.

2.2.2. NPS icv injection
Mice were injected intracerebroventricularly (icv, volume = 2 l) under 2% isoﬂurane anesthesia, following 26 gauge
guide cannula (AP −0.1, ML 0.9, DV −2.0) placement and recovery
for 3 days, with vehicle (aCSF, N = 13) or NPS (1 nmol; N = 13)
30 min prior to SAM open ﬁeld exposure (undisturbed controls,
N = 6; total N = 32).
2.2.3. CRF1 and ˛2 antagonist ip injections
Anxiogenic (via 5 mg/kg ␣2 -adrenoreceptor antagonist yohimbine HCl; Y3125, Sigma–Aldrich, N = 16) and anxiolytic effects
(via 20 mg/kg CRF1 receptor antagonist antalarmin HCl; A8727,
Sigma–Aldrich, N = 10) were administered by intraperitoneal injections (ip, 1.5 ml; vehicle N = 14) 30 min prior to SAM exposure on
day 3 (Cain et al., 2004; Zorrilla et al., 2002).
2.3. Behavior
Behavioral testing in the SAM took place between 10am and
6pm under red light. Behavioral observations were recorded manually and digitally on video. Experiments included SAM trials either
in the presence or absence of a larger CD1 aggressor. For experiments that included social aggression, a CD1 was ﬁrst placed

into the SAM inside the oval area but outside the cylindrical
divider. Next, a C57BL6/N test mouse was placed inside an opaque
cylindrical divider and allowed 30 s to acclimate. For experiments
excluding aggression, trials began with the introduction of the
test mouse. After acclimation the divider separating the two animals or test mouse from the OF was removed allowing test mice
to interact with OF or CD1 mouse for a maximum of 5 min (to
minimize injury to the test mouse). A novel CD1 is used for each
interaction (used once per day), to limit habituation; mice often
display more interest in novel compared to familiar conspeciﬁcs
(Toth and Neumann, 2013). Behavioral SAM testing took place
once per day for four consecutive days for each C57BL6/N test
mouse. The duration of the interactions varied, because some
animals escaped and some did not, and among those that did
there were also differences in individual escape latency. Duration of interaction was deﬁned as the period from removal of the
divider (exposure to an aggressor) to the moment that the animal exited the SAM OF, using one of the two available escape
holes (also latency to escape), or 5 min of submission. Interactions were scored (two naïve and independent trained scorers)
for latency to escape. Once a test animal utilized an escape hole,
a cover was placed over the hole for the remainder of the allotted
5 min.
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2.3.1. Elevated plus maze
We also measured anxious behavior on the EPM between 10am
and 5pm (during the dark cycle; N = 44), prior to separating the
animals into groups, and analyzed by two independent scorers,
unaware of treatment.
2.3.2. Running wheel
Immediately after exposure to the EPM, C57BL6/N mice were
singly housed (transparent plastic cages 43 × 27 × 15 cm) and separated into experimental groups; cage control (no running wheel
or SAM exposure, N = 7), running wheel control (running wheel in
cage, no SAM exposure; N = 7), SAM (exposure to SAM, but no running wheel N = 15), and Running Wheel SAM (exposure to both
running wheel and SAM N = 15). Mice in groups with a running
wheel had free access to a 1.08m circumference wheel (NalgeneTM
Activity Wheels) for a total of 6 days, with twenty-four hour access
except during behavioral testing. Social exposure in the SAM began
after two days of wheel running (Running Wheel SAM) or no exercise (SAM).
2.4. Corticosterone analysis
Fifteen minutes after SAM behavioral testing on day four,
plasma corticosterone concentrations were quantiﬁed enzymelinked immunosorbent assay kit (Enzo Life Sciences) as in previous
experiments (Arendt et al., 2012; Smith et al., 2014).
2.5. Quantitative rtPCR
Central amygdala was microdissected using a blunt 23
gauge needle, and then analyzed using qrtPCR for Glyceraldehyde 3-phosphate dehydrogenase (GAPDH; Mm99999915 g1),
(Mm04230607 s1),
TrkB
(Mm00435422 m1),
NPS
BDNF
(Mm03990645 m1), and NPSR (Mm00558817 m1) using the
2−CT method (Livak and Schmittgen, 2001), comparing all
samples to the average CT value of the control animals (not
exposed to the SAM apparatus) as described previously (Arendt
et al., 2012; Smith et al., 2014). Each sample was normalized to
the expression of housekeeping gene, GAPDH. Changes in gene
expression were quantiﬁed by real-time qPCR and analyzed Values
for qPCR data were expressed as mean fold change ± standard
error of the mean (SEM).
2.6. Statistics
Plasma corticosterone and gene expression results were compared across groups using one-way ANOVA (icv NPS and ip CRF1
and ␣2 experiments), and two-way ANOVA (for RW experiments).
Behavioral comparisons across days (escape latency) were made
using one-way repeated measures analyses and between treatments on a speciﬁc day by t-test. Signiﬁcant effects between groups
for ANOVA were examined using two post hoc analyses to minimize
Type I error (Student–Newman–Keuls) and Type II error (Duncan’s)
respectively.
3. Results
All C57BL6/N mice exposed to the SAM investigated both the
escape holes (within ∼5 s) and the novel CD1 following the removal
of the cylindrical divider at the start of each interaction.
3.1. Escaping versus remaining submissively
3.1.1. NPS icv injection
Without an aggressive opponent all C57BL6/N test mice escaped
when exposed to the SAM open ﬁeld arena. Escape was not affected
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by NPS or vehicle icv injections, similar to untreated mice previously (Smith et al., 2014).
3.1.2. Predisposition to anxiety and escape
During SAM trials with a larger, aggressive conspeciﬁc, escaping
and submissive mice were evenly split similar to previous experiments with this and other species (Carpenter and Summers, 2009;
Robertson et al., 2015; Smith et al., 2014), and elevated plus maze
anxiety results did not predict outcome of SAM trials (Supplementary results and Fig. S1A and B).
3.1.3. Voluntary exercise
Running wheel access (Fig. 1A) did not alter phenotypic escape
or submissive behavior (Supplementary results and Fig. S1B).
3.1.4. Anxiogenic ˛2 -adrenoreceptor and anxiolytic CRF1
receptor antagonists injection (ip)
In contrast to the lack of effect of exercise, both anxiogenic and
anxiolytic drug treatments did modify individual escape and submission behaviors. In test mice that had previously always escaped,
a majority (73.3%) of mice given the anxiogenic ␣2 -adrenoreceptor
antagonist yohimbine on day 3 did not escape social aggression
in SAM trials on that day (Fig. 2A). The inhibition of escape was
not universal, as 26.7% of mice did escape (Figs. 2A and 3C; triangle, dashed line). Clearance of the drug, 24 h after the ip yohimbine
injection, returned 60% of the mice to their original preference for
escaping social aggression in the SAM on day 4.
In contrast, for completely submissive C57BL6/N test mice (i.e.,
0% escape on days 1 and 2), 40% escaped after treatment with the
CRF1 receptor antagonist antalarmin on day 3 (Figs. 2B and 3D;
square, dotted line). The effect of anxiolytic CRF1 receptor antagonist was still apparent in 30% for antalarmin treated mice on day 4,
one day after the single ip injection on day 3.
3.2. Latency to escape
3.2.1. NPS icv injection
When no conspeciﬁc aggression was present, all mice used the
escape tunnels. Mice treated icv with aCSF (vehicle) escaped with
a signiﬁcantly (F3,46 = 37.27, p < 0.001; Fig. 3A, solid line) decreased
latency after day 1 (∼282 s) and continued to escape signiﬁcantly
faster (under ∼80 s) for the duration of the experiment (Fig. 3A,
solid line). Similarly, NPS injection (icv) also resulted in significantly (F3,46 = 54.89, p < 0.001; Fig. 3A, dashed line) decreased
escape latency after day 1 (∼215 s) and continued to escape significantly faster (∼42 s) for the remainder of the experiment (Fig. 3A,
dashed line). Animals injected icv with NPS escaped signiﬁcantly
faster than icv aCSF injected mice on day 1 (t18 = 1.98, p < 0.06;
Fig. 3A# ), day 3 (t23 = 2.19, p < 0.038; Fig. 3A*) and day 4 (t23 = 2.43,
p < 0.023; Fig. 3A*).
3.2.2. Voluntary exercise
In the presence of social aggression, mice with voluntary access
to a running wheel demonstrated a familiarity-dependent signiﬁcant (F3,20 = 24.29, p < 0.001) decrease in escape latency, and
escaped signiﬁcantly faster than mice without running wheels on
day 1 (t10 = 2.39, p < 0.03; Fig. 3B*) and on day 3 (t10 = 2.08, p < 0.06;
Fig. 3B# ).
3.2.3. Anxiogenic ˛2 -adrenoreceptor and anxiolytic CRF1
receptor antagonists injection (ip)
Escaping mice (day 1 and day 2; see Supplementary results)
were randomly assigned to either vehicle or yohimbine groups on
day 3. Treatment with the anxiogenic ␣2 antagonist reduced the
number of escaping mice to only 26.7% (Fig. 2A), and among those
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that did escape, they exhibited escape times on day 3 that were similar to day 2, rather than escaping faster on day 3, as vehicle injected
mice did. Additionally, mice treated with anxiogenic ␣2 antagonist
escaped signiﬁcantly slower on day 3 in comparison with vehicle injected control animals (t16 = 4.13, p < 0.001; Fig. 3C*, dashed
line). A signiﬁcant number of ␣2 -inhibited mice returned to escape
behavior one day after yohimbine treatment, with escape latencies
similar to vehicle-treated mice on day 4, signiﬁcantly faster than
on days 1, 2 and 3 (F3,36 = 9.66, p < 0.001; Fig. 3C, dashed line).
For those submissive mice (40%; Fig. 2B) that began escaping on day 3 of SAM interactions following antalarmin injection,
their ﬁrst escape (day 3, triangle dash-dotted line) was signiﬁcantly faster (t20 = 2.62, p < 0.016; Fig. 3D# ) than the ﬁrst escape
(day 1) of mice pre-injection (solid circle dotted line), but signiﬁcantly slower (t16 = 3.33, p < 0.004; Fig. 3D*, dashed line) than day
3 vehicle-treated escape latencies (open circle solid line; Fig. 3D).
3.3. Plasma corticosterone
3.3.1. NPS icv injection
Plasma corticosterone concentrations were signiﬁcantly elevated for mice exposed to the SAM open ﬁeld arena and icv injection
(F2,25 = 11.6, p < 0.001; Fig. 4A) twenty minutes after the ﬁnal ﬁve
minute SAM exposure on day 4. Interestingly, NPS injected (icv)
mice had signiﬁcantly (p < 0.017) less plasma corticosterone compared to mice injected with vehicle.
3.3.2. Voluntary exercise
In social SAM interactions without running wheels, both escape
(p < 0.014) and submissive (p < 0.001) animals had a rapid and
signiﬁcant plasma corticosterone increase (F2,19 = 19.81, p < 0.001;
Fig. 4B) compared to cage controls. Interestingly, in animals with
free access to a running wheel, only the submissive animals had
signiﬁcantly (F2,14 = 6.01, p < 0.016; Fig. 4B) elevated plasma corticosterone levels. When comparing the effect of exercise, both
escape (t9 = 2.03, p < 0.07; Fig. 4B# ) and submissive (t11 = 2.15,
p < 0.05; Fig. 4B*) animals with access to a running wheel had signiﬁcantly decreased plasma corticosterone when compared to the
same group without access.
3.4. Gene expression for NPS and NPSR
3.4.1. NPS icv injection
Expression of NPS mRNA in the CeA was signiﬁcantly
(F2,27 = 5.89, p < 0.008) elevated for animals given icv NPS injections
(in the absence of social aggression) compared to both controls
(Fig. 5A).
3.4.2. Voluntary exercise
Mice in aggressive interactions (but without access to a running
wheel) had signiﬁcantly (F2,17 = 46.38, p < 0.001; Fig. 5C) elevated
NPS and NPSR expression for both escaping (p < 0.002) and submissive (p < 0.001) behavior compared to controls. Importantly,
mice choosing submissive behavior expressed signiﬁcantly more
(p < 0.001) NPS, but not NPSR, mRNA than mice that escaped. When
a running wheel available signiﬁcantly elevated expression of NPS
and NPSR was only found in the CeA submissive animals (NPS:
F2,14 = 4.08, p < 0.045, Fig. 5C; NPSR: F2,18 = 9.43, p < 0.002, Fig. 5D).
3.4.3. Anxiogenic ˛2 -adrenoreceptor and anxiolytic CRF1
receptor antagonists injection (ip)
Vehicle treated escaping animals and yohimbine treated animals had signiﬁcantly elevated (F2,28 = 3.66, p < 0.04; Fig. 5E) CeA
NPS mRNA expression compared to cage controls, though not
signiﬁcantly different from each other (p > 0.74). Social aggression signiﬁcantly elevated (F2,22 = 17.75, p < 0.001; Fig. 5G) NPS

Fig. 4. Plasma corticosterone (mean ± SEM) reﬂects anxiogenic conditions. (A) In
the absence of social interaction in the SAM, icv injection (vehicle, hatched bars)
signiﬁcantly elevated corticosterone concentrations, which is reduced somewhat by
NPS icv injection (cross hatched bars). (B) During social aggressive interactions in
the SAM, corticosterone concentrations are elevated; highest in submissive animals
(cross hatched bars), and signiﬁcantly reduced in those that escape (left hatching)
compared with controls (open bar). Social stress-induced elevation of corticosterone
secretion is ameliorated by access to voluntary exercise on a running wheel for submissive animals (*, gray cross hatched bar) and also for escaping mice (#, gray left
hatched bar); while presence of the running wheel in the absence of social interaction did not affect plasma corticosterone concentrations. Bars marked with differing
letters above the mean/error bar (e.g., A–C; or X and Y) are signiﬁcantly different,
whereas bars marked with the same letter (such as X) are not signiﬁcantly different. Bars marked # reﬂect signiﬁcant differences between escaping animals without
access to running wheels and escaping animals with running wheels (Otherwise bars
marked A, B, or C, are not compared with bars labeled X, Y, or Z); and * designates
signiﬁcant reduction in corticosterone in submissive animals with running wheels
compared to submissive animals without access.

mRNA for both vehicle and antalarmin treated submissive animals
compared to cage controls, but antalarmin treated mice had signiﬁcantly lower (p < 0.005) NPS mRNA expression compared to vehicle
treated submissive mice.
Yohimbine treated animals and the vehicle treated escaping animals had signiﬁcantly elevated (F2,32 = 4.34, p < 0.022; Fig. 5F) CeA
NPSR mRNA expression compared to cage controls, though they
were not signiﬁcantly different from each other (p > 0.8). Interestingly, vehicle treated submissive mice had signiﬁcantly elevated
(F2,28 = 9.22, p < 0.001; Fig. 5H) NPSR mRNA expression compared to
antalarmin treated mice and cage controls, but antalarmin treated
mice and cage controls were not signiﬁcantly different (p > 0.094).
3.5. Gene expression for BDNF and TrKB
3.5.1. NPS icv injection
The process of icv injection signiﬁcantly (F2,31 = 7.06, p < 0.003;
Fig. 6A) reduced CeA BDNF mRNA in vehicle injected mice exposed
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Fig. 5. Intra-amygdalar (central amygdala, CeA) neuropeptide S (NPS) gene expression (mean ± SEM) is elevated by anxiogenic/stressful conditions, and alleviated by
anxiolytic conditions. (A) Injection (icv) of NPS (cross hatched bars) stimulated increased NPS mRNA in CeA compared to cage controls (clear bars) and icv aCSF (vehicle)
injection (hatched bar), but (B) had no effect on NPS receptor (NPSR). (C) During social aggressive interactions in the SAM, NPS mRNA is elevated; highest in submissive
animals (cross hatched bars; see C, E, G), and signiﬁcantly reduced in those that escape (left hatching) compared with controls (open bar). Social stress-induced elevation of
NPS expression is somewhat ameliorated by access to voluntary exercise on a running wheel for submissive animals; while presence of the running wheel in the absence
of social interaction did not affect NPS expression. (D) Social aggressive interactions in also stimulated enhanced NPSR mRNA compared with controls (open bar). Presence
of the running wheel in the absence of social interaction did not affect NPSR expression. (E, F) Social interaction with escape and the anxiogenic drug yohimbine stimulate
elevated expression of both NPS and NPSR mRNA. (G, H) Socially submissive interaction signiﬁcantly stimulates elevated NPS and NPSR gene expression (higher for both in
submissive mice than escaping mice, see E, F), both of which are ameliorated by the anxiolytic drug antalarmin. Bars marked with differing letters above the mean/error bar
(e.g., A–C; or X and Y) are signiﬁcantly different, whereas bars marked with the same letter (such as X) are not signiﬁcantly different.
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to the SAM open ﬁeld arena only, but not in mice treated with NPS.
Gene expression for CeA BDNF was not signiﬁcantly (p > 0.34) different between NPS injected mice and undisturbed cage controls,
suggesting that the stress of icv treatment was ameliorated by NPS.
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3.5.2. Voluntary exercise
In running wheel experiments, BDNF mRNA was signiﬁcantly
(F2,18 = 5.36, p < 0.017; Fig. 6B) increased in the no running wheel,
SAM only group in submissive (p < 0.015) animals compared to
cage controls and escaping animals. Control animals that had
access to a running wheel but did not experience social aggression had signiﬁcantly (t10 = −5.12, p < 0.001; Fig. 6B*) elevated BDNF
gene expression compared to cage control animals without access
to a running wheel. Expression of BDNF was not signiﬁcantly
(F2,16 = 0.098, p > 0.91; Fig. 6B) different for animals that experienced social aggression in the SAM (both escaping and submissive
mice) and had access to a running wheel compared to cage control
animals with a running wheel.
3.5.3. Anxiogenic ˛2 -adrenoreceptor and anxiolytic CRF1
receptor antagonists injection (ip)
Expression of BDNF mRNA in the CeA was signiﬁcantly increased
in escaping mice injected with the anxiogenic ␣2 -adrenoreceptor
antagonist yohimbine on day 3 (F2,35 = 4.92, p < 0.014; Fig. 6C), and
also in submissive test mice (vehicle treated on day 3; F2,31 = 5.08,
p < 0.013; Fig. 6D) when compared with undisturbed cage controls.
These anxiogenic effects showed a stark contrast with BDNF mRNAs
in vehicle-treated escaping mice (p < 0.84; Fig. 6C), and in submissive mice injected ip with the anxiolytic CRF1 antagonist antalarmin
(p < 0.87; Fig. 6D), which were not elevated relative to cage controls. Elevated BDNF gene expression for vehicle-injected mice that
remained submissively for days 1–4 in the SAM appear to have been
ameliorated by the addition of the CRF1 receptor blocker. In contrast, the behavioral anxiolytic action of escaping appears to have
been reversed by treatment with the noradrenergic ␣2 receptor
antagonist on day 3.

A
1.0

4. Discussion

0.5

The results from these experiments suggest that mice experience a continuum or gradient of apprehensiveness, expressed
as distinguishable anxious behaviors, depending on physical and
social contexts, and regulated by an integrated circuitry of stress,
fear conditioning, decision-making, anxiety and depression. In the
Stress-Alternatives Model, all mice react to the SAM open ﬁeld
arena by avoiding the center as they would in any OF test (Smith
et al., 2014), but they do not immediately respond by leaving the OF
through the escape route suggesting that the novelty of the hole and
tunnel are at least mildly anxiogenic. Known anxiolytic processes,
including familiarity with the escape route and short-term exercise, as well as neuromodulatory anxiolytics such as icv injection
of NPS or antagonism of CRF1 receptors, reduce the delay to use the
available escape path, suggesting that latency to escape is a viable
tool for assessing actively anxious behavior (Biojone et al., 2011;
Sheynin et al., 2014). Stress responsiveness, measured as plasma
corticosterone, suggests that social interaction increases the anx-
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Fig. 6. Intra-amygdalar (central amygdala, CeA) brain-derived neurotrophic factor
(BDNF) gene expression (mean ± SEM) is elevated by anxiogenic/stressful conditions, and alleviated by anxiolytic conditions. There were no effects of treatments on
BDNF TrKB receptor mRNA. (A) Injection (icv) of NPS (cross hatched bars) returned
BDNF mRNA in CeA to cage control expression levels (clear bars), compared to
reduced expression in icv aCSF (vehicle) injection (hatched bar). (B) Running
wheels (*) and submission increased BDNF fold expression in the CeA, compared
with cage controls (clear bars) and escaping mice without exercise (hatched bars).

(C) Increased CeA BDNF mRNA in submissive animals (similar to B; cross hatched
bars) is ameliorated by anxiolytic CRF1 antagonist antalarmin treatment (gray bars).
(D) The anxiogenic ␣2 -adrenoreceptor antagonist yohimbine stimulated increased
BDNF gene expression in the CeA, compared to cage controls (clear bar) and escaping
mice (hatched bar). Bars marked with differing letters above the mean/error bar (e.g.,
A–C; or X and Y) are signiﬁcantly different, whereas bars marked with the same letter
(such as A and AB) are not signiﬁcantly different.

J.P. Smith et al. / Psychoneuroendocrinology 63 (2016) 351–361

iogenic capacity of the OF, and that escape from social aggression
occurring in the OF reduces the anxiogenic quality of this condition,
which is further reduced by the availability of the opportunity to
exercise (when a running wheel is provided, Fig. 5B). Based on stress
hormone levels, submission to social aggression and defeat are the
most anxiogenic conditions encountered in the SAM arena, which is
also ameliorated somewhat by the presence and use of the running
wheel. Thus, the gradient of anxiety (Fig. 1C) extends from familiar
escape from an OF to social defeat, with familiar and novel escape
from social stress being intermediary anxious behaviors. The trajectory of the anxiety continuum is further corroborated by the effects
of known anxiolytic (the CRF1 receptor antagonist, antalarmin) and
anxiogenic drugs (the adrenergic ␣2 receptor antagonist, yohimbine) (Ghitza et al., 2006; Zorrilla et al., 2002). Inhibiting CRF1
receptors not only allows escape behavior from previously defeated
animals which only displayed submission, but it also reduces the
latency to the ﬁrst escape on day three when the drug is given
(Fig. 3D). The anxiogenic effect of yohimbine occurs via increased
noradrenergic activity following inhibition of ␣2 receptor negative
feedback, which produces social defeat in previously escaping animals, but also delays the escape of animals given yohimbine which
continue to escape (Fig. 3C).
Our results suggest that despite the indications that all animals
begin SAM testing with equivalent baseline anxious behavior (equal
EPM open arm time; Fig. S1A), equal preference for edges rather
than center of the OF (Smith et al., 2014), and universal escape from
the SAM OF in the absence of aggression), during social interactions
in the SAM arena divergent behavior emerges (Robertson et al.,
2015). Despite the unrelenting, intense aggression from a novel
larger conspeciﬁc (CD1 mouse), half the test mice do not leave the
social arena via the escape hole (Fig. S1B). This ratio of submission to
escape is consistent over 5 cohorts of C57BL6/N mice in these experiments (Fig. S1B), and across species from ﬁsh to rodents (Robertson
et al., 2015). Even though there appears to be little predisposition for anxious responding (Fig. S1A), the test rodents diverge
behaviorally very quickly following the initiation of social interaction in the SAM, such that after an initial adoption of submissive
behaviors in both groups, one subset of test mice begin exploring
the possibility of escape, and eventually make use of the hole to
leave the arena. Mice that remain in the arena never reduce the
preponderance of submissive behavior throughout the SAM social
interactions (Robertson et al., 2015). These phenotypic responses,
Escape and Submission, however, are reversible with anxiogenic or
anxiolytic drug treatments: ␣2 adrenergic receptor inhibition limits
egress in most escaping mice (Fig. 2A), whereas CRF1 receptor inhibition allows some submissive mice (Fig. 2B) and trout to escape
(Robertson et al., 2015). The results suggest that while anxietyrelated behavioral phenotypes may require environmental or social
stressors to emerge, and remain relatively consistent, they are not
ﬁxed and respond quickly to anxiolytic and anxiogenic conditions
and treatments.
This is also true for latency to escape an OF arena, for which
familiar escapes were always more rapid (Smith et al., 2014).
The latencies for initial-novel and familiar escapes were reduced
by anxiolytic treatments, regardless of whether there was an
aggressive conspeciﬁc present. The endogenous anxiolytic and proarousal hypothalamic peptide NPS (Guerrini et al., 2010; Ionescu
et al., 2012; Klauke et al., 2014; Xu et al., 2004), when injected icv,
reduced OF-only latency to escape (Fig. 3A) (Pulga et al., 2012),
diminished plasma corticosterone levels (Fig. 4A), and stimulated
gene expression of NPS in the CeA (Fig. 5A). It suggests that while
NPS is anxiolytic it also acts through a positive feedback mechanism to enhance NPS synthesis. Interestingly, CeA NPS expression,
like corticosterone, increased as the intensity of anxious behavior
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grew. Expression of NPS in the CeA progressively increased as social
interaction became submission and defeat (Fig. 5C). In contrast,
while the NPS receptor also showed enhanced expression in CeA
in any socially interacting individual, submission did not increase
NPSR mRNA further (Fig. 5D). While the anxiogenic ␣2 antagonist
yohimbine did not raise NPS or NPSR expression beyond that of
social interaction (Fig. 5E and F), it did delay the escape of mice
receiving it via ip injection on day 3 (Fig. 3C), and prevented most
(67.7%) of the previously escaping mice from escaping on that day
(Fig. 2A). Like NPS, other anxiolytic treatments reduce the latency to
escape, but unlike exogenous icv NPS they also diminish NPS and
NPSR expression in CeA. Short-term (6 days) voluntary exercise
improved the celerity of escape in both novel and familiar social
aggression conditions (Fig. 3B), and the anxiolytic CRF1 receptor
antagonist antalarmin signiﬁcantly reduced the latency of escape
for ﬁrst time submissive escapers, compared to the ﬁrst escape for
vehicle treated escaping controls (Fig. 3D). In addition, CRF1 antagonism resulted in reduced CeA NPS and NPSR expression (Fig. 5G
and H). Even short term voluntary exercise reduced social stressinduced plasma corticosterone concentrations, in both escaping
and submissive animals (Fig. 5B), while also limiting NPS mRNA
in submissive mice (Fig. 5C) as well as NPSR mRNA in escaping
mice (Fig. 5D). Social defeat produces the highest levels of corticosterone secretion (Fig. 5B), but also the greatest expression of NPS
and NPSR in the CeA (Fig. 5C and D); these effects are signiﬁcantly
reduced by escape, suggesting that escape is a potent anxiolytic,
and its latency to expression is a valid method of measuring the
intensity of anxious behavior.
Anxiety appears to be an important factor inﬂuencing BDNF
expression the amygdala, as maternal anxiety impacts DNA methylation of Met/Met genotype of the BDNF Val66Met gene variant in
infants and effects amygdalar volume (Chen et al., 2015). Alcohol
treatment during early postnatal rat development enhances BDNF
and GDNF expression in the central extended amygdala (Balaszczuk
et al., 2013), and ETOH withdrawal in adult rats leads to decreased
BDNF gene expression and dendritic spine density in the CeA along
with increased anxious behavior (You et al., 2014). Social defeat
stress simulates BDNF immunoreactivity in the medial amygdala
of rats (Nikulina et al., 2012), so it is possible that the social stress
in our paradigm stimulates increased BDNF expression generally
in the amygdala. Extinction of conditioned taste aversion leads to
increased BDNF gene expression in BLA but not CeA (Xin et al.,
2014). In a previous experiment, we demonstrated that fear conditioning using the SAM apparatus resulted in decreased BDNF gene
expression in both BLA and CeA (Smith et al., 2014), but in the
experiments reported herein, in the absence of a conditioned stimulus (tone) or testing for the conditioned response, four days of
social aggression stimulated CeA BDNF gene expression (Fig. 6B).
The results suggest that BDNF expression generally, and in the CeA
speciﬁcally, can be modiﬁed by both stressful conditions and anxious behavior, but also by classical conditioning, especially in fear
or aversion related circumstances. Our results suggest that subordination stress increases BDNF mRNA in CeA, which can also be
increased by the anxiogenic drug yohimbine (Fig. 6C), and reversed
by anxiolytic behavior like escape or conditioning and anxiolytic
drugs like the CRF1 antagonist antalarmin (Fig. 6D). However, running also stimulates BDNF gene expression (Fig. 6B), and anxiolytic
NPS reverses depressed CeA BDNF expression caused by the stress
of icv injection (Fig. 6A). For the most part BDNF gene expression
is raised by high level anxiogenic treatments and conditions, and
reversed by anxiolytic mechanisms, which suggests that expression
of CeA BDNF may enhance fear learning or expression of anxious
behaviors.
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5. Conclusions

Acknowledgments

Our results suggest that a recognizable gradient of intensity
underlies the generation and expression of anxious behavior. The
intensity gradient for anxious behavior was modiﬁable by a variety of neuromodulatory systems, which include CRF, NPS, NE, as
well as Orx and 5-HT, known to modify anxious behavior and synergistically interact within the appropriate circuits (Arendt et al.,
2014, 2013; Cannella et al., 2013; Jungling et al., 2008; Li et al.,
2015; Orsini and Maren, 2012; Smith et al., 2014). The results of
experiments utilizing the SAM apparatus suggest that in addition
to Pavlovian fear conditioning and decision-making (Smith et al.,
2014), this model is an effective way to examine the escalation
of anxious behavior as environmentally and socially relevant contextual events amplify the intensity of emotional response along a
gradient of anxiety (Fig. 1C). Apprehension of the OF is measured
by latency to escape, which is effectively delayed by unfamiliarity
with the route for egress. Familiar OF escape is the least anxious
behavior along the continuum, but the apprehension of even this
low level mouse-appropriate anxiety can be reduced by anxiolytics such as icv NPS. Social aggression adds anxious content to the
SAM experience, with a reduction by approximately 50% of the mice
willing to engage in escape from the OF. The apprehension associated with latency to escape during social aggression can also be
modiﬁed by anxiolytics, such as exercise and CRF1 antagonism,
but can also be exacerbated by anxiogenic antagonism of ␣2 adrenoreceptors. What is more, the anxiolytic CRF1 and anxiogenic
␣2 -adrenoreceptor antagonists are capable of modifying behavioral
phenotypes based on the stress-coping strategies of social submission and escape; with CRF1 antagonism allowing a substantial
proportion of submissive animals to escape and ␣2 -adrenoreceptor
antagonism blocking escape in a substantial percentage of previously escaping mice. Endogenous corticosterone secretion and
gene expression of NPS and BDNF in the CeA increased following
the growing anxious content of each level of the mouse-speciﬁc
anxiety continuum. Although BDNF mRNA was ampliﬁed by exercise, the general trend of CeA NPS and BDNF expression suggested
that NPS production was promoted by increasing anxiousness, and
that BDNF synthesis was associated with learning about ever-more
anxious conditions. The resulting continuum of anxiety derived
from varying contextual conditions may yield a more complete
understanding of the complexity of the mechanisms that produce
a natural gradient of human anxious conditions, and the putative
therapies that may be effective.
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